Introduction:
Most of living organisms can sense change in their environments. To adapt these changes, they change behavior and metabolism to maintain their organismal homeostasis. Hormones are key factors to regulate the homeostasis, and have diverse chemical structures, such as eicosanoids; derivatives of fatty acids like arachidonic acid, steroids; organic compounds with four rings arranged in a specific configuration, and amino acid/protein derivatives. For example, insulin is one of amino acid/protein derivatives, and produced by β cells of the pancreatic islets to regulate the metabolism of carbohydrates by promoting the absorption of glucose from the blood into fat, liver, and skeletal muscle cells. Defect of insulin productions results in high blood sugar levels, causing type-1 diabetes. Thus, elucidation of molecular mechanisms of the synthesis and secretion, and functions of hormones, including how to regulate signal transduction is an important subject for further understanding of the metabolism, homeostasis, and diseases.
Researches using one of model organisms, Caenorhabditis elegans, have provided some important information of underlying mechanisms of biological processes by means of genetics. As for study on aging, age-1 was first identified by a genetic screen for long-lived animals, 1 and subsequent analysis suggested that the longevity phenotype in this mutant strain was due to a recessive mutation in a single gene.
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AGE-1 is a subunit of the phosphoinositide 3-kinase (PI3K), and is a component of insulin/insulin-like growth factor-1 signaling (IIS) pathway, which is highly conserved in the animal kingdom. In some animals, IIS pathway has numerous insulin-like peptides (ILPs) as the ligands, compared with other signaling pathways. For example, C. elegans has 40 ILPs (Figure 1 ) as putative ligands for the sole insulin-like receptor, DAF-2. 5 -7 Yet, why IIS pathway has numerous ligands to the sole receptor remains controversial. However, recent studies have revealed physiological functions of some ILPs. Here, we briefly review the structures, physiological functions, and secretion of C. elegans ILPs. We also show our recent studies with latest data.
Identification and Structure of insulin-like peptides
The small size of the C. elegans genome sequence (100 million base pairs; about the size of a single human chromosome) was completed in 1998. 8 The completion resulted in a tentative list of all the genes and a description of other sequence features. The information provided a powerful resource for reverse genetics such as RNA interference (RNAi) and gene disruption. 9, 10 Together with forward/reverse genetics, developmental data, and anatomical data, it also provided major breakthroughs in the field of aging that will likely be made with C. elegans for two reasons. First, it has a very short lifespan (2-3 weeks at 20ºC), which can be tractable for genetic studies of aging. Second, some molecular mechanisms in C. elegans are conserved in other organisms. For example, mutations in daf-2 gene can increase the lifespan of active and fertile adults. The ability of daf-2 mutations to extend lifespan depends on the activity of daf-16 gene encoding a transcription factor, FOXO, autholog.
11 This DAF-2 to DAF-16 pathway, called insulin/insulin-like growth factor-1 signaling (IIS) pathway, is highly conserved and involved in the regulation of lifespan among different organisms. 12 Cloning of daf-2 revealed that it encodes a receptor tyrosine kinase that shows more than 30% amino acid identity to the human insulin and IGF-I receptors.
13 These discoveries attracted researchers working with C. elegans, including us, and awoke an interest in ligands for the DAF-2 receptor.
In 1998, we reported the identification of Ceinsulin-1 (ins-18) and Ceinsulin-2 (ins-17), (KPC-1) is also necessary to promote the formation of higher order dendritic branches.
Diverse insulin-like peptides in Caenorhabditis elegans
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Recently, it has been reported that mammalian PC1 (PCSK1) is downregulated in the induced pluripotent stem cell-derived (iPSC-derived) neurons from Prader-Willi syndrome (PWS) patients, indicating that neuroendocrine PWS-associated phenotypes are linked to reduced expression of PCSK1. 27 Therefore, these studies of ILP processing are also relevant to neuronal diseases. On the other hand, INS-7 and DAF-28, opposite to INS-18, act as agonistic ligands to suppress dauer formation and longevity. [40] [41] [42] In C. elegans, IIS pathway is also essential to regulate postembryonic development, cell proliferation in germline, immunity, heat-resistance, and learning. [43] [44] [45] [46] [47] [48] For example, ①mutation of ins-1 showed defects in salt chemotaxis and thermotaxis learning. 49 Cys10-Cys39, Cys22-Cys52, Cys26-Cys53, and Cys38-Cys43 (Figure 2A ). To investigate whether the purified INS-6 has the putative disulfide bonds pattern, we first performed MALDI-TOF-MS analysis. This analysis showed that 3 main peaks. One of them, a peak (m/z = 5655.06) is almost the same as calculated mass of INS-6 (m/z =5655.45) ( Figure 2B ), meaning that recombinant INS-6 forms 4 pairs of intramolecular disulfide bonds without free cysteine residues. Moreover, 3 major peaks (m/z = 826.15,1146.92, and 1225.44) were detected from the trypsin-digested recombinant INS-6 by MALDI-TOF-MS and ESI-MS analysis (Fig.  3A and B) . These MS profiles correspond to calculated mass of putative fragments 1, 2, and 3 derived from trypsin-digested recombinant INS-6 ( Figure 3C ), suggesting that the recombinant INS-6 has the putative 4 disulfide bonds. Subsequently, the recombinant INS-6 was added to the primary culture cells derived from the worms expressing DAF-16::GFP to assess its function. Initially, DAF-16::GFP was localized in the nucleus probably due to its unphosphorylated form. After 10 min. of the INS-6 treatment, translocation of DAF-16::GFP into cytoplasm was promoted (Figure 4) . Moreover, this translocation is almost inhibited by daf-2 RNAi, suggesting that INS-6 acts as an agonist to activate DAF-2 receptor ( Figure  4) . Interestingly, although low relative to human or bovine insulin, INS-6 synthesized by solid-phase BOC-chemistry can binds to and activates the human insulin receptor. 57 Therefore, our system provides insights into ILPs physiological functions. 
Physiological functions
Secretion
Insulin is the major hormonal signal molecule for reducing blood glucose and storing energy in metabolites. In mammals, only the β-cells, located within 100-200 µm cell clusters (islets) throughout the pancreas, produce a significant amount of insulin. 58 On the other hand, it has been reported that specialized thymic cells and the developing brain also produce insulin. [59] [60] [61] C. elegans has "pseudocoelom", which is a fluid-filled body cavity lying inside its external body wall that bathes the internal organs, including the neuron, alimentary, and reproductive systems, respectively. The pseudocoelom functions as a lubricant between tissues, and provides a medium for intercellular signaling and nutrient transport, indicating this is positioned to carry out many of the functions normally performed by the circulatory or the respiratory systems in higher animals. Some ILPs are known to be secreted into the pseudocoelom and partly accumulate in coelomocytes. For example, DAF-28 is produced in the neuronal cells (ASI and ASJ) and secreted into pseudocoelom 6, 62 ;
INS-35 is produced in the intestine and also secreted into pseudocoelom. 63 Areite-translocating ATPase (ASNA)-1 positively regulates these secretions. Interestingly, mammalian ASNA1 is expressed in pancreatic cells and promotes insulin release. 62 GON-1, the C. elegans homolog of ADAMTS9, a metalloprotease that cleaves components of the extracellular matrix (ECM), 64, 65 also positively regulate INS-7 and DAF-28 (agonists) and INS-18 (an antagonist) secretions, suggesting that secretion of agonists and antagonists might not be differentially regulated. 66 Because of fundamental similarities in the ILPs/insulin secretion mechanisms between the worms and humans, genetic and molecular pathways that control metabolism in C. elegans could be highly informative for analysis of human metabolic disease such as type-2 diabetes. Recently, we have found that the secretory polarity of INS-35 and INS-7 is changed in the intestinal epithelial cells, in response to growth conditions. These ILPs are normally secreted into the basal side. Their secretory polarity is changed into the apical side when worms undergo dauer arrest, larval diapause, under unfavorable growth conditions. On the contrary, these ILPs are secreted into the basal side again when the dauer larvae recover from diapause under favorable growth conditions ( Figure 5) . 63 It is possible that molecular mechanism of sorting/packaging of the ILPs into secretory vesicles in normal development is different from that in dauer state. Formation of secretory vesicles is initiated in the trans-Golgi network (TGN). Secretory peptides are sorted and packaged into dense core vesicles there, resulting in formation of secretory granules. Then the granules are translocated onto cellular membranes. In this process of exocytosis, Rab family proteins, small G proteins, play important roles. In insulin secretory granules, some proteins (channel, proton pump, ATPase, Rabs, etc) are identified by analyses using MS/MS. Among them, Rab3a, Rab27a have roles in the insulin exocytosis processes, such as a secretory vesicle regulator and a binding cortical actin rails. 67 Therefore, a polarity of vesicle has already been determined after sorting/packaging. However, sorting/packaging mechanisms in TGN are not well understood. Thus, because of the availability of numerous genetic approaches, the ILPs research in C. elegans could provide useful information on regulatory mechanisms of sorting/packaging and secretion polarity. It is most complicated that INS-1 acts as a DAF-2 antagonist in larval development whereas it acts as a DAF-2 agonist in salt chemotaxis and thermotaxis learning. 5, 49, 50 This contradiction is possibly caused by the splicing variation of daf-2. 68 In fact, daf-2 has at least 6 splicing variants. Therefore, it is possible that the splicing variation of DAF-2 allow ILPs to modulate diverse biological processes. In addition, when and where ILPs are produced and secreted is also possibly relevant to their own physiological functions. The C. elegans genome sequencing revealed the sole insulin receptor tyrosine kinase, DAF-2. In mammals, the insulin binds to the insulin receptor (IR), which belongs to the large class of tyrosine kinase receptors whereas relaxin, one of the peptides in the insulin superfamily, binds to G-protein-coupled receptors (GPCRs). 69 In starfish, a gonadotropic relaxin-like peptide, has been identified and its receptor has been suggested to be a GPCR. 70, 71 Therefore, it is possible that several C. elegans gonadotropic ILPs, such as INS-3 and INS-33, function through GPCRs. Defects in the synthesis and secretion of peptide hormones cause several diseases such as diabetes. Therefore, it is an important subject to elucidate these molecular mechanisms. As we review, ILPs research in C. elegans has provided important insights, and could be a good platform for these researches.
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